Abstract-In this paper, a metamaterial inspired antenna to operate in the C-band is designed, fabricated, and characterized. The structure is based on the metamaterial tripolar array, to obtain a better gain, bandwidth, and frequency resonance when compared to a conventional circular UWB antenna with same structural characteristics. Simulation and experimental results show an increase of about 32% on the bandwidth and 9% on the gain with a satisfactory radiation pattern.
values of µ and ε [13] [14] . The negative refraction is one of the properties of the metamaterials. This one is possible due to its electric permittivity and magnetic permeability, ε and μ, to achieve negative values.
In this context, a C-band (4-8GHz) Metamaterial-Inspired antenna employing Tripolar Array unitary cell (TAMI antenna) was designed with a proposal of improving its response in terms of bandwidth and gain keeping good radiation pattern characteristics. Several simulated and measured results are present with satisfactory results. Besides this introductory section, the paper is organized as follows: FSS theory is present in Section 2; the proposed antenna and its design are shown in Section 3; the main results are considered in Section 4; and, Section 5 concludes the work.
II. FSS THEORY: TRIPOLAR ARRAY UNITARY CELL
The use of the correct modeling technique can define the results accuracy in the analysis of FSS. Classical numerical methods, such as Finite Difference Time Domain (FDTD) and Finite Element Method (FEM) produce accurate results at cost of higher computational effort and processing time [15] . Hybrid methods can be used to partially overcome problems presented by FDTD and FEM methods. Integral Equation Method (IEM) is one of the most efficient. It can not be solved by closed-form equations, but must addressed by numerical techniques, such as Method of the Moments (MoM) [16] . The equivalent circuit model is one of the simplest methods. It is a less accurate technique but requires very limited computational resources. In this analysis, various printed segments are modeled as inductive and capacitive elements which are connected by transmission lines. From the solution of this circuit the transmission and reflection FSS characteristics are found [17] [18] .
In [19] the authors merged the equivalent circuit model and MoM to obtain the Green's functions and analyze periodic structures. The method is simple and shows accurate results. In this work, a similar analysis method based on the proposed model in [19] is used as an initial procedure to the proposed antenna design. The method uses a circuit approach in conjunction with the transmission lines model for analyzing High Impedance Surfaces (HIS) and is subsequently applied to design an antenna in order to improve its performance. Although the approach presented in [11] is more appropriate to the problem of the tripolar array unit cell then the one A C-Band Planar Metamaterial-Inspired Antenna Employing a Hexagonal Cell Periodic Structure Humberto X. de Araujo, Mauricio W. B. Silva, Ivan R. S. Casella, Antonio L. P. S. Campos, and Carlos E. Capovilla A proposed here, the obtained results showed good agreement with numerical results, and feasible, so for this application. This analysis is dedicated to the modeling of FSS, which are the key element of HIS structures in the presence of the dielectric substrate. In this configuration additional transmission lines representing dielectric layers, as illustrated in Figure 1 , must be considered in the extraction of the constituent parameters such as L and C. The initial modeling for the concentrated parameters extraction in the freestanding configuration was presented in [20] and will not be considered again. Considering the FSS between dielectric layers and leaving the freestanding configuration, presented in [21] [22] the input impedance of the structure can be obtained by classical transmission line equations (see Eq.1). Thus, the impedance of the FSS is obtained by solving a simple parallel circuit.
where: Z 1 is the impedance of the first dielectric layer,  1 is the phase constant of the first dielectric layer, d is the thickness of the first dielectric layer, Γ d represents the input reflection coefficient computed by the MoM analysis, and Γ in is the input reflection coefficient. The capacitance in function of the thickness and permittivity of the dielectric substrate was analyzed through simulations. For it, the method presented in [13] was used, however, with the value of impedance corrected for FSS between dielectrics. Thus, the optimal capacitances are computed and normalized to freestanding value in order to highlight the effect of the dielectric.
The normalized capacitance approximates the value of dielectric permittivity as the substrate thickness approaching the value D/2, where D is the periodicity of the unitary cells.
It is important to note that this study aimed to analyze the effect of the dielectric on the structure behavior, which results in a negligible effect on the inductance. For this reason, inductance is not performed at this analysis.
Using Eq. 3 [17] , it was possible to perform the adjustment of the dependence of the effective permittivity of thickness by factor N, which is an exponential factor that takes into account the slope of the curve.
In this Figure 2 is presented the comparison of the analytical data and results obtained from the regression model, in which N was obtained for εr = 3.55. To the structure used in this study, the best fit value was N = 0.63.
In practical designs, it is needed to use substrates with different thicknesses and/or permittivity. One reason is the improvement in the angular stability obtained when dielectric layers are used.
The analysis of the parameters not only considers a structure that encompasses a greater amount of physical parameters, but also shows the model application viability in more complex structures. At the same model, any geometry can be considered in the presence of dielectric substrates, and for normal and oblique incidences. The analysis of the proposed structure is based on the equivalent circuit model together with the transmission line modeling method, which was presented in [20] . The presented method can be applied in the analysis of any type of FSS element and offers a fast and precise analysis, when compared to other methods. Figure 3 shows the FSS embedded between two dielectric layers with both different thickness and dielectric permittivity .
In this way, the FSS is considered to be embedded between two dielectric substrates with different thickness and dielectric constant, and under both normal and oblique incidence. According to the classical equations of transmission lines and considering the equivalent substrates such as transmission lines, as well as, the analysis of the effect of the dielectric, the impedances across the plates can be obtained as [19] :
where: Z L is the load impedance. The Z m TE , Z m TM and β m terms are, respectively, the characteristics impedances of the plate for TE and TM modes, and the propagation constant along the normal drive plate. These terms are given by:
where: k is a number of transverse waves, θ the incidence angle, and k 0 the propagation constant in free space.
As an initial analysis, for normal incidence of the plane wave, an array of tripole [11] is considered between two dielectric substrates with different thicknesses and permittivity. The parameters of the geometry are: p=10 mm, w=1 mm, and l=8.7 mm, while the parameters of the substrates are: εr1 = 3, εr2 = 5, d1 = 1 mm and d2 = 2 mm. These values are used for the first approximation and analysis.
The results of the model and the electromagnetic simulation analysis, as shown in Figure 3 , are in good agreement for the order Floquet propagating modes. The proposed method is valid until the first resonance. After it, the method does not consider the physical parameters and loses its validity, in this way, the presented simulation was realized up to 5GHz in Figures 3 and 4 .
To investigate the behavior under oblique incidence, remained the tripoles arrangement embedded between dielectric plates with different thickness and permittivity, a wave with the angle out of the normal was considered. Figure  4 shows the validation model for oblique incidence of a TE wave. In this case, a wave focusing to 60 o was considered. Again, it is observed a good agreement of the model to the structure up to the first resonance. Define abbreviations and acronyms the first time they are In the Figure 5 is presented the results for normal and oblique incidence (60 o ). This figure shows the behavior of the tripolar array unitary cell that is used in the proposed UWB antenna in all C-Band range. This analysis through EM simulation shows the satisfactory and adequate behavior of the cell, instigating its utilization on the design of a modern planar antenna.
With the study carried out, the model was used for the design a structure in order to improve the performance of a circular UWB patch antenna. III. TAMI ANTENNA DESIGN Circular patch antennas are usually used for wideband applications, and its performance is due to the radius of the conductor, the width, and length of feed line.
The planar antenna topologies analyzed and proposed in this work, are shown in Figures 6 and 7. They are fabricated of conductive patches with circular shapes, laid up on dielectric substrates, which are supported on ground planes.
The antennas were designed on Rogers RO4003 substrate with εr = 3.55 and thickness of 0.81 mm. The resonant frequency was taken as 5.2GHz (IEEE 802.11a approach) and JOURNAL OF COMMUNICATION AND INFORMATION SYST the radius of the circular patch was calculated by using ( (7) for the first approximation [9] . The antennas were optimized by the CST Studio design tool, software based on Finite Integration Technique (FIT).
where: a is the radius of the circular patch resonant frequency in Hz, h is the substrate height ε r the dielectric constant of the substrate.
The TAMI antenna was proposed using the tripolar array unitary cell, previously described in [11] , and explored in previous section. The dimensions can be observed in Figure  7 (b). Due to its symmetry, which to any provides an isotropic response, a better bandwidth and resonance is expected in comparison to a conventional circular UWB antenna, used as reference, with dimensions are shown in Fig. 6 . JOURNAL OF COMMUNICATION AND INFORMATION SYSTEMS, VOL. 33, No.1, 2018. the radius of the circular patch was calculated by using (6) and ]. The antennas were optimized by the CST Studio design tool, software based on
8.791 10 (7) where: a is the radius of the circular patch in cm, f r is the , h is the substrate height in cm, and
The TAMI antenna was proposed using the tripolar array unitary cell, previously described in [11] , and explored in previous section. The dimensions can be observed in Figure  7 (b). Due to its symmetry, which to any incident wave provides an isotropic response, a better bandwidth and resonance is expected in comparison to a conventional circular UWB antenna, used as reference, with dimensions are shown IV. ANALYSIS OF In Figure 8 , the input return loss (S11) for both antennas is shown. The impedance matching is analyzed by S11, may be lower or equal to -10dB in the operation band, due to 90% of the antenna input power to be radiated in this case [22] .
It can be observed the bandwidth increased around 32% on the range between 2 GHz to 10 GHz. In Figure 9 , the 2D normalized radiation pattern characteristics are presented. Two cuts are represented, where both of them have shown good performance of the antennas, with TAMI antenna keeping the same characteristics of the UWB antenna. In Figure 10 , the 3D radiation pattern is presented. It can be noted that the resulting one looks kind of like a homogeneous semi-sphere radiating. The strongest energy is radiated outward, perpendicular to the TAMI antenna in the x Notice that the 3D pattern meets a quasi behaviour, which evidences and ensures its good performance as a radiator element for applications at C In addition, the obtained gain for the TAMI antenna shown an increase of 9% when it compares to the conventional UWB antenna.
NALYSIS OF RESULTS
In Figure 8 , the input return loss (S11) for both antennas is shown. The impedance matching is analyzed by S11, which 10dB in the operation band, due to 90% of the antenna input power to be radiated in this case It can be observed the bandwidth increased around 32% on the range between 2 GHz to 10 GHz. In Figure 9 , the 2D adiation pattern characteristics are presented. Two cuts are represented, where both of them have shown good performance of the antennas, with TAMI antenna keeping the same characteristics of the UWB antenna. he 3D radiation pattern is presented. It can be noted that the resulting one looks kind of like a homogeneous sphere radiating. The strongest energy is radiated outward, perpendicular to the TAMI antenna in the x-z plane.
ets a quasi-Omni directional behaviour, which evidences and ensures its good performance as a radiator element for applications at C-Band.
In addition, the obtained gain for the TAMI antenna shown an increase of 9% when it compares to the conventional UWB Figure 11 presents the surface current along the TAMI antenna. Due to its isotropic response to any incident wave, the current is symmetrically distributed on the device. From this property is possible to achieve best resonance, bandwidth, and gain during the process of antenna optimization, when compared to a conventional circular antenna. Finally, the obtained results for the proposed TAMI antenna in comparison to the UWB antenna are summarized in Table  1 . 
V. CONCLUSIONS
In this paper, a C-Band Planar Metamaterial-Inspired Antenna was designed, fabricated, and characterized. The tripolar array metamaterial unitary cell was employed to improve the general response of the planar antenna. The obtained results were compared to the circular UWB antenna with the same structural and radiation characteristics.
The proposed antenna showed better results for resonance, bandwidth, and gain. Through experimental and simulated results, it can be observed an increase around 32% on the bandwidth and 9% on the gain with the same radiation pattern characteristics. Thus, the TAMI antenna appears as a good option to attend broadband applications in C-Band for compact devices, including the 802.11a WLAN and radar applications. 
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